introduction
The ecosystems in higher mountain areas may be more vulnerable to air pollution compared to the ecosystems at lower altitudes. Synergistic effects of high and long-lasting air pollution along with climatic stresses may contribute to an extensive decline of forests in these localities (Vávrová et al. 2009 ). The occurrence of climate extremes, air pollutants and other abiotic and biotic stress agents were often related to frequent stress symptoms observed in forest ecosystems in Europe especially from 1970 to 1980 (Führer 1990) . Rapid expansion of these symptoms, their spatio-temporal distribution and mutual relationship of their impacts on forest communities have led to a description of this status as a syndrome of unknown forest loss (Mueller-Edzards et al. 1997; Badea et al. 2004) , sometimes called as "forest decline" (Waldsterben) (Kandler & Innes 1995) . It is to note that the effects of all known biotic and abiotic factors cannot fully explain all aspects of this phenomenon (Landmann 1991) . Many hypotheses about the causes of ecosystem disturbances were associated with the effects of air pollution and therefore the air pollution was considered as a predisposing and accompanying factor of forest ecosystem disturbance (Lorenz et al. 1999) . Besides, great changes in forest ecosystems under the influence of air pollutants occurred as a result of acidification of the environment (Vacek et al. 2013) .
The greatest threat to the Krkonoše forest ecosystems was the industrial air pollution mainly by SO 2 , which most severely damaged the Krkonoše forest ecosystems (Vacek & Matějka 2010) . In the next years, there was a decrease in the air pollution by SO 2 , but in many localities forest stands were greatly damaged and their decline continued. In the mid-nineties of the 20 th century there was a frequent dieback of individual trees in 80% of Norway spruce (Picea abies [L.] Karst.) stands above 900 m a.s.l., and surviving trees suffered from intensive defoliation (Polák et al. 2007) . After the industrial air pollution was reduced, photochemical pollution gained in importance (Stanners & Boreau 1995) . It was caused mainly by an increased number of vehicles that produce increased emissions of nitrogen oxides and volatile hydrocarbons. This part of central Europe is affected by increased concentrations of ozone (O 3 ), which is considered a phytotoxic agent causing damage to vegetation (Bytnerowicz et al. 2003) . Ozone can negatively increase the phytotoxic effects of other compounds that contaminate air, mainly sulphur and nitrogen oxides (SO x and NO x ) (Bytnerowicz et al. 2004 ). The ozone itself caused very severe damage to forest ecosystems in all Europe (de Vries et al. 2003) . Moreover, an increase in the ozone level is assumed in the future (Brasseur et al. 2001) .
In spite of the reduction in emissions of industrial air pollutants in the CR that resulted in extensive and very severe disturbances of spruce forests in many localities, relatively high defoliation has been observed in the last years in the CR, Slovakia (Hlásny et al. 2010) , and Poland (Vančura et al. 2000) . For the most effective management it is necessary to take into account what possible impacts climate changes can have on the growth and mortality of particular tree species (Hanewinkel et al. 2014 ) because higher frequency and intensity of disturbances are expected due to climate changes (Fuhrer et al. 2006; Jonášová et al. 2010) . We used dendrochronological methods to determine the relationship between the growth of trees and environmental conditions and stand dynamics including disturbances. Most commonly, precipitation and temperatures are recorded, and climate data are then analysed for the frequency of extreme years, changes in mean conditions, ranges of long-term variability, and changes in inter-annual variability (Sheppard 2010).
Air pollutants not only influence the health status, biological diversity and ecosystem processes but they can also exert indirect effects on secondary threats to forest ecosystems such as bark beetle attack (Hlásny et al. 2010a) or toxicity of heavy metals in soils (Bytnerowicz et al. 2004) . Climatic extremes or pathogenic organisms and general deterioration of soil conditions contribute to greater damage to forest stands (Lomský et al. 2012) .
Clouds and fogs that significantly contribute to hydrological and chemical inputs into forest ecosystems (Zimmermann & Zimmermann 2002) have an irreplaceable effect on the transport of substances causing pollution. For this reason the chemistry of fogs and clouds is a useful tool for additional interpretation and identification of the long-term transport of compounds causing pollution. In mountain areas of Europe, fogs and clouds can contain up to 70% of total deposition. It is to note that the deposition of air pollutants through fog is considered as one of the most important factors of forest disturbance in the western Sudetes (Godek et al. 2012) . The highest mountain of the Krkonoše Mts. called Sněžka belongs to localities with the highest incidence of fogs in Europe, on average on 296 days a year (Migała et al. 2002) . In the Krkonoše Mts., a decreasing annual width of tree-rings as a result of the effect of fogs polluted by phytotoxic compounds was also proved. It causes changes in other characteristics of trees like height increment or total biomass production (Ferretti et al. 2002) .
In the framework of the long-term study of forest stands affected by air pollutants it is assumed that other significant stress factors influencing individual trees and whole stands should be excluded with regard to the length of the period. They include mechanical impacts of snow cover, land movements of larger extent, effect of browsing by herbivores, mutual competition and presence of pathogenic fungi and insects (Godek et al. 2012) . Based on this assumption, this study is exclusively aimed at the structure and development of mountain spruce forests influenced by air pollutants and other environmental factors, notably the effect of precipitation and temperature. This problem is relatively very extensive with high spatio-temporal variability.
The aim of this study was to evaluate the structure and development of spruce forests influenced by air pollutants on four PRP out of 7 plots in specific conditions of the western Krkonoše Mts. in the Pod Voseckou boudou locality in the time horizon of 35 years. The objectives were to 1) analyse the dynamics and structural changes of waterlogged and peaty autochthonous spruce forests in the period 1979-2014; 2) detect the development of radial growth and health status (foliation) of spruce mountain stands; 3) analyse the effect of air pollution (SO 2 and NO x concentrations) and climatic factors (temperatures and precipitation) on radial growth; and 4) determine the relationships among stand parameters, structural indices and dead wood in the course of time. The study attempts to contribute to the understanding of the core of the problem, based on the obtained results of management optimisation, mainly regeneration in these or similar forest ecosystems of mountain spruce forests in the Krkonoše Mts. and in other Sudetes mountain ranges.
Material and Methods

Description of study area
The study was conducted in waterlogged or peaty autochthonous spruce forests on 4 PRPs of 50 × 50 m in size (0.25 ha) in the western part of the Krkonoše Mts. National Park. The localisation of PRPs is represented in Fig. 1 and the basic characteristics of PRPs are shown in Table 1 . These permanent research plots are typical waterlogged and peaty spruce forests in the western Krkonoše Mts. The values indicate that SO 2 concentrations were rather high before 1999 to cause acute damage to spruce foliage. A pronounced decrease in SO 2 and NO x concentrations occurred in 1999. Fig. 2 documents that the annual maximum concentrations were very high before 1999, being a predisposing factor for the origin of acute damage to foliage, stand soil acidification and disturbance of the soil sorption 
Data collection
A theodolite was used to determine the structure of the forest stands in the plots at the time of establishment of 4 permanent research plots (PRP) of 50 × 50 m in size (0.25 ha) in 1979. PRPs were established in the same locality, where monitoring of the health status of forest stands was conducted (cf. Tesař et al. 1971) .
Repeated dendrometric measurements were performed every five years. In 2009 and 2014 the FieldMap technology (IFER-Monitoring and Mapping Solutions Ltd.) was used to remeasure the positions of old trees and new ingrowth individuals. In the particular measurements the positions of all overstorey trees of diameter at breast height (DBH) above 4 cm were localised. Other measured parameters of the tree layer were heights of the live crown base and crown perimeter. DBH of the trees were measured with a metal calliper to the nearest 1 mm. Tree heights and heights of the live crown base were measured with a Blume-Leiss hypsometer to the nearest 0.5 m (1979) and Vertex laser hypsometer to the nearest 0.1 m (2014). The tree layer was divided accor-ding to into upper storey (dominant and codominant trees) and lower storey (intermediate and suppressed trees) tree classes. Both qualitative traits and quantitative parameters of deadwood were evaluated. From the quality aspect, tree species and degree of decomposition were determined (five--point scale: 1 -decay-free stem, 5 -final phase of decay; the scale was modified according to Spetich et al. 2002) , from the quantity aspect the volume of deadwood and its proportion in the total growing stock of the stand were evaluated.
In 2014, increment cores were taken from 30 codominant trees on each PRP with a Pressler borer at a breast height (130 cm) perpendicularly to the stem axis down-and up--slope.
The dynamics of the health status of autochthonous spruce stands in Pod Voseckou boudou locality in the western part of the Krkonoše National Park was evaluated on 4 PRPs every year in 1979-2014 according to the foliage state of individual trees that was classified into degrees of defoliation -see Tab. 2. The average foliage percentage of forest stand is expressed by two curves (Fig. 9 ) as the arithmetic mean of the values of foliage percentage of living trees and as the arithmetic mean of all trees on PRP including dead standing trees (cf. Vacek et al. 2013) . Defoliation (foliage complement to 100%) with special regard to social status and morphological type of crown was estimated to the nearest 5% and recorded using six degrees of defoliation that correspond to the degrees of tree damage. This method is compatible with the contemporary methodology used in the international project of ICP-Forests and ICP-Focus (Lorenz 1995) . 
Data analysis
On the particular plots structural and growth parameters, production quantity and quality, structural diversity (horizontal and vertical structure) and complex diversity were evaluated on the base of all individuals of the tree layer. Tree volume was calculated using the volume equations published by Petráš & Pajtík (1991) . Forest development stages were classified according to Korpeľ (1989) .
Biodiversity was evaluated using these indices: index of diameter differentiation and height differentiation (Füldner 1995) , Arten-profil index (Pretzsch 2006) and stand diversity index (Jaehne & Dohrenbusch 1997) . These indices were computed to determine the spatial distribution: index of nonrandomness (Pielou 1959; Mountford 1961) , aggregation index (Clark & Evans 1954 ) and Ripley's L-function (Ripley 1981) . The test of significance of the deviations from values expected for the random point distribution was done by Monte Carlo simulations. The mean values of the L-function were estimated as arithmetic means from L-functions computed for 1999 randomly generated point structures. Tab. 3 shows the criteria of calculated structural indices. These characteristics were calculated using the growth simulator SIBYLA (Fabrika & Ďurský 2005) and PointPro 2.1 software (Zahradník).
Stand density, canopy closure (the sum of the areas of all crown projections / total area of PRP) and crown projection area were derived as a part of the study of horizontal structure on PRP. Situational maps were created in the ArcGIS programme (Law & Collins 2015) .
Tree-ring width increment series were individually crossdated (removal of errors connected with the occurrence of missing tree-rings). The degree of similarity was determined using a statistical test in the PAST application programme (Knibbe 2007) and subsequently subjected to visual inspection according to Yamaguchi (1991) . If a missing tree-ring was found out, a tree-ring of 0.01 mm in width was inserted in its place. The ring-width series from PRPs were detrended and ring-width chronologies were created from them in the ARSTAN programme. The modified negative exponential function was applied (Fritts 2001) . The standardised ringwidth chronologies from PRPs in the Krkonoše Mts. were correlated with climatic data (precipitation, temperatures; 1961-2013 from Harrachov station) and air pollution data (SO 2 and NO x concentrations; 1971-2014 from Desná-Souš station) by the particular years. To simulate diameter increment in relation to climatic characteristics (precipitation and temperatures of previous year and current year) the DendroClim2002 software was used (Biondi & Waikul 2004) .
For further computations, the degrees of defoliation were transformed to percentual values of defoliation (average values for a given degree of defoliation). The evaluation of the health status of Norway spruce trees was based on the trend of the arithmetic mean of foliage percentage of all trees (including standing dead wood) and living trees on PRPs, and the trend in the number of dead trees (totally defoliated trees). For the overall evaluation of the forest condition an average defoliation calculated from all trees including those completely defoliated trees were also calculated. ). Diameter frequencies of the tree layer and the relation of DBH to tree height on PRPs in 1979 and 2014 are illustrated in Figs. 3 and 4 , respectively. A comparison of the histograms of diameter frequencies in 1979 and 2014 shows that a major part of weaker (growth-suppressed) trees died during the period of air pollution disaster and in 2014 the growth of individuals in thinner diameter classes was already obvious. Only minimum changes were revealed in the relation between DBH and tree height in the forest stands on PRPs in 1979 and 2014.
In order to determine the response of the stand health status, air pollution factors (the average annual and the maximum annual SO 2 and NO x concentrations), the foliation of living trees and radial increment were tested for correlation. The tests were carried out in the Statistica 12 package (Beranová et al. 2012) . Unconstrained principal component analysis ( Table 4 contains an overview of structural characteristics on the particular studied PRPs. Numbers of living trees (DBH ≥ 4 cm) in the tree layer in 1979 ranged between 408 and 596 trees ha 3.2. Tree layer diversity Table 5 shows the horizontal structure of the tree layer on PRPs in 1979 and 2014 and its layout is represented in Figs. 5 and 6. According to all indices, the aggregated distribution of trees on the plot is clearly prevailing on PRPs, while the random distribution of trees on PRP 1 was exceptional in 2014, as shown by the Clark-Evans index. The aggregated distribution of trees on the plot is also indicated by the L-function, at a smaller spacing of trees (mostly less than 3 or 4 m), the exception was PRP 3, when in 1979 it was within 7.5 m and in 2014 aggregation was already observed in all cases. Table  5 shows structural indices of tree layer on PRPs for 1979 and 2014. In the studied years the vertical structure according to the Arten-profil index was a selection structure on PRP 1, on PRP 2 and 3 the structure was moderately or largely diversified and on PRP 4 it was largely diversified. The stand diversity index of some PRPs indicates a uniform structure while the structure of other PRPs is non-uniform. The Füldner index of height and diameter differentiation indicates low structural differentiation on PRP 1 in 1979, while in 2014 it was already a stand with intermediate structural differentiation. Intermediate height and diameter structural differentiation was found on PRP 2, 3 and 4 both in 1979 and 2014. Crown differentiation was low on all studied PRPs. In 2014, the optimum phase on PRP 4 was without regeneration, PRP 2 was dominated by the phase of initial disintegration with the phase of initial regeneration, on PRP 1 the phase of initial break-up with advanced phase of regeneration was present, and on PRP 3 the advanced break-up phase and growing-up phase overlapped (Fig. 6). 
results
Production of mountain spruce forests
Diameter growth and relations to climate
The standardised annual ring chronology (Fig. 7) shows a moderate trend in radial growth, specifically a slight decrease in 
Health status of spruce stands
The development of average foliage percentage and the proportion of defoliation degrees in an autochthonous spruce stand on PRP 1 -Pod Voseckou boudou showed that Norway spruce suffered from strong defoliation in [1981] [1982] [1983] [1984] [1985] [1986] [1987] (Fig.  9) . After 1988, the foliage percentage was relatively stabilised, but there were smaller oscillations especially in 1993, 2000 and 2001. A moderate increase in Norway spruce defoliation was observed also in 2007. In 2012, as a result of intensive regeneration processes the average foliage percentage largely increased in all trees with different health condition and healthy trees started to occur again.
A similar foliage trend like on PRP 1 was found on PRP 3 in the foliage of both living trees and all trees. The foliage of living trees on another two PRPs (2 and 4) was very similar, but it was slightly better in all trees because after 1995 and 1996 the trees did not die due to the feeding of the European spruce bark beetle. This trend of mortality (the percentage of standing dead trees to the total number of all trees in the current year) is documented in Fig. 10 . parameters were negatively correlated with the number of trees. Arten-profil index was positively correlated with Clark-Evans aggregation index, while these parameters were negatively correlated with stand diversity index and diameter differentiation. These parameters were independent from the time. DBH was positively correlated with tree height and partially with volume, crown closure and crown projection. These parameters are dependent on the age of trees. The dynamics of the parameters in the course of 35 years was remarkable especially for PRP 1 and PRP 2 as their marks of each record are relatively distant from one another, whereas the marks for PRP 3 and 4 were relatively close together in the diagram. The plots differed from each other, when PRP 1 which represents the initial break-up stage with mature regeneration occupied the extreme right part of the diagram typical for higher height, diameter and volume and lower stand diversity index and diameter differentiation, while PRP 3 which represents the advanced stage of break-up with growing-up occupied the extreme left part of the diagram. PRP 4 represents the optimum stage in the middle of the diagram. 3.5. Deadwood Table 6 shows the characteristics of deadwood on PRPs in 1979 and 2014. The total volume of deadwood was in the range of 27.2-50.1 m 3 ha −1 in 1979, and from 41.1 to 146.6 m 3 ha −1 in 2014. The largest increase in deadwood was observed on PRP 2, the smallest on PRP 4. The proportion of deadwood in the total standing volume of forest stand (living and dead trees) was 6-29% in 1979 and 22-46% in 2014. With regard to decay classes, degree 3 accounted for the highest proportion in standing deadwood on PRPs, 42-69% in 1979 and 64-84% in 2014. In lying deadwood more advanced stages of decay prevailed. In 1979, only degrees 4 and 5 occurred on the plots due to the extraction of usable wood. In 2014, degree 3 with 33% and 78% prevailed on PRP 1 and PRP 3, respectively, while degree 4 with 37% was dominant on PRP 2, and degree 5 with 52% on PRP 4. The horizontal distribution of standing and lying deadwood was random on PRPs.
3.6. Stand structure, productivity, health status and air pollutants interactions
The results of the PCA analysis are presented in the form of the ordination diagram in Fig. 11 . The first ordination axis explains 48%, the first two axes together 72%, and the first four axes together explain 94% variability in the data. The I. axis represented structural indexes. The II. axis represented number of trees, total mortality of trees and volume of dead wood. Total mortality was positively correlated with the volume of dead wood and increased in time, while these The radial growth showed negative correlation with mean annual mortality of trees, mean and maximum SO 2 and NO x concentrations and no correlation with mean foliage of living trees and mean annual defoliation (Table 7) . The foliation of living trees showed positive correlations only with mean annual defoliate and no significant relationship with air pollutants. Mean annual mortality was positively correlated with SO 2 and NO x concentrations and negatively with mean radial increment (Table 7) .
discussion
The health status of spruce forests in the Krkonoše Mts. is highly differentiated (Vacek & Matějka 2010) although in our study dealing with autochthonous waterlogged or peaty spruce stands in the western Krkonoše Mts. the differences between the plots were not as large as in the eastern Krkonoše Mts. (cf. Vacek et al. 2007 ). Our results document that in the studied period the most severe defoliation occurred on PRPs in 1981 -1987 . Distinctly higher defoliation than on PRP 2 and 4 was observed on PRP 1 and 3. Similar results from European mountain regions that are exposed to an increased air-pollution stress were reported by Augustin et al. (2005) or by Lorenz et al. (2006) . According to Vacek et al. (2013) moderately different development of the health status on PRP in the Krkonoše Mts. can be explained by several factors: aspect, forest type characteristics, tree species composition, autochthonous or allochthonous origin and forest management practices in the past. Paoletti et al. (2010) studied other stress factors that can influence the health status; in their opinion, the combination of seasonal variability in air pollution, water availability, changed nutrient content in the soil and increased CO 2 content is crucial for forest ecosystems.
Our study indicates that NO x and SO 2 concentrations were rather high before 1999 and since then they have decreased; particularly in the second half of the studied period the stabilisation and in some cases moderate improvement of the health status of forest stands occurred as shown by their foliage. Such a trend is very important for further development of the Krkonoše forests because as stated by Paoletti et al. (2010) nitrogen and its compounds, their deposition and effects on forest ecosystems are a very urgent issue with a number of negative influences. Markedly excessive values of nitrogen can be integrated with other contaminants and cli- Note: * Statistically significant at the level p < 0.05; ** statistically significant at the level p < 0.01.
matic factors and they can cause undesirable effects such as acidification or eutrophication, and finally they can decrease overall biodiversity (Clark & Tilman 2008) . High nitrogen depositions also contribute to nutrient imbalance (Braun et al. 2010) and to an increased risk of pest infestation (Grulke et al. 2010) . At a similar developmental trend that occurred in the Krkonoše Mts. in the first half of our research all these factors could potentially influence forest ecosystems in the Krkonoše Mts. very negatively.
The relations between the critical values of acid deposition and forest ecosystem degradation, which can also be seen from our study, are documented in other studies (Lomský et al. 2012) . Nevertheless, the ecological interactions between critical values and other environmental factors such as CO 2 and O 3 concentrations, effects of insects, pathogens, drought or extreme temperatures as well as the effect of management have not been sufficiently elucidated until now (McNulty & Boggs 2010) .
In the last several years, the influence of climate on diameter increment of forest stands has been a frequently studied subject (Piermattei et al. 2014) . Therefore, our study also focused on the evaluation of diameter increment, its dynamics and relation to climate. In the period of 1976-2010, we observed statistically significant positive correlations of diameter increment with temperature in the studied months of both the preceding year and the current year. Negative significant correlations with precipitation amount in May of the current year were also found. This contradicts the results reported by Duchesne & Houle (2011) , who stated that at precipitation-sensitive site high humidity on rainy days and relatively low solar radiation promote stem increment, while relatively low humidity and a high level of solar radiation reduces increment. Because there is a moderately decreasing trend of ground water level in spruce forests in the Krkonoše Mts. (Vacek et al. 1994; Vacek &Matějka 1999) , this finding could in future also apply to these stands. A reduction in tree--ring width in relation to climatic factors in the Krkonoše Mts. in the 80s and 90s of the 20th century was reported by Sander et al. (1995) . Mäkinen et al. (2001) studied radial increment in dependence on temperature and precipitation in 13 heavily damaged and 12 healthy Norway spruce stands in southern Finland. They found a considerable reduction in growth since the late eighties of the last century when in damaged stands summer temperatures were in negative correlation with spruce growth. Elevated temperatures in the summer of the preceding year reduced the growth in the summer of the next year. The tree-ring width analysis confirmed a close positive correlation with precipitation amount in June of the current year. Nevertheless, Etzold et al. (2013) , who studied the influence of climate on the growth of Swiss forests, stated that the differences in increment might be caused by a number of factors that minimise the influence of climate on increment when particularly the effect of disturbances and pathogens is mentioned that will result in a decrease in stand density and higher increment of the remaining trees. The tree-ring analysis revealed that the dominant trees showed great enhancement of radial growth after the decline of SO 2 concentrations compared with the period before the start of the air pollution disaster. These differences are caused by the decreased stand density, or decreased spatial competition, increased deposition of nitrogen in the soil and lower ground water level in mountain spruce forests in the Krkonoše Mts. (Vacek et al. 1994; Vacek & Matějka 1999) .
The structure of the studied stands and their long-term development under the influence of air pollution are other attributes that were investigated and that should contribute to deeper knowledge of this problem in central Europe because this subject was studied in similar site conditions in such a long time horizon only by a few authors. It is essential to thoroughly understand forest stand development and interactions between developmental processes (Klopčič & Bončina 2011) . This is especially true in the cases, where risk assessment and prevention is important (Paoletti et al. 2010) . As for the particular studied attributes of horizontal and vertical structure and structural diversity of investigated stands, they are in line with the results from similar site conditions presented by .
Deadwood is another aspect of mountain forests that was monitored in this study. As reported by Zielonka (2006) , deadwood is a very important component of forest ecosystems and it is also a very important reservoir of nutrients in the forest soil (Harmon et al. 1986 ). The total volume of deadwood on the studied PRP increased in the studied period and at one locality it even exceeded the value of 130 m 3 ha −1 (146.6 m 3 ha −1 ), which was presented by Christensen et al. (2005) as the average value of European near-natural forests. Similar values like in the studied localities were obtained on the basis of 40-year development by Vacek et al. (2015) from two localities in the Krkonoše Mts. The spatial distribution of deadwood in the studied localities is random, similarly like in localities studied in Germany by von Oheimb et al. (2005) or in the Carpathians (Janík 2013).
conclusion
The analysis of the effect of air pollution and climatic factors on the structure and health status of waterlogged or peaty spruce forests in the western Krkonoše Mts. showed that there occur predisposition factors that have a potential to cause gradual decline or death of spruce forests due to their synergistic interactions. A pronounced worsening of the health status of autochthonous spruce forests and their vitality due to the synergism of air pollution and climatic stress occurred in 1980-1987. This was proved not only by high values of defoliation but also by a dramatic decrease in radial increment. The main causes of the decline in increment were high concentrations of SO 2 and significant temperature fluctuations. In this period there were pronounced changes in the structure of forest stands, including the ratio of living to dead trees. Since 1988 the health status of spruce forests has been relatively stabilised as for the trend of foliage of living trees on PRPs and since 1992 as for their radial increment. Apart for the negative correlation of radial growth with SO 2 concentrations, tree growth also significantly increased with decreasing NO x concentration. Tree growth was significantly correlated with temperature in the growing season, but was only slightly negatively affected by precipitation. Last of all, the improved stand hygiene in adjacent forests contributed to the stabilisation of these stands when insect pests, especially the European spruce bark beetle, have been substantially eliminated. To improve the ecological stability of mountain forests we recommend active silvicultural management supporting the complexity of forest stands with abundant natural and/ or artificial regeneration. Based on our research results, it is expected that climate change may increase the regeneration success and thus the recovery capacity of mountain spruce forest ecosystems. Nevertheless, in the following years it is necessary to pay attention to consequent use of sanitation principles, because trees physiologically weakened by pollution are often attacked by European spruce bark beetle. 
